Abstract: A 2.4-GHz CMOS on-off keying (OOK) transmitter is developed for applications that require high data rate over 10 Mbps in the area of wireless body area network (WBAN) and medical implant communication service (MICS). A novel analog pulse-shaping circuit for reducing power consumption and circuit complexity is employed for the OOK transmitter. Fabricated in 0.13 µm CMOS, the transmitter core excluding the 50 ohm driving buffer dissipates 0.95 mW from 1.2-V supply. Measurement shows that it can support the data rate up to 22 Mbps. With the pulse-shaping capability enabled, the transmitter output spectrum shows successful suppression of the sidelobe power below −42 dBc at 100 MHz offset from the center frequency.
Introduction
OOK digital modulation is widely used in wireless sensor network (WSN) or wireless body area network (WBAN) applications for its simplicity and power efficiency. However, without a reasonable pulse shaping, the OOK modulation usually suffers from poor spectral efficiency, which becomes a challenging issue especially in a harsh spectrum-demanding environment in these days.
Pulse-shaping circuit transforms a rectangular enveloped signal to a triangular or more preferably a Gaussian enveloped signal. By doing this, the sidelobe power at the output spectrum can be significantly suppressed. Two approaches of the pulse shaping can be found in the literature. First one is the digital pulse shaping method [1] . It employs multiple units of a small to medium power amplifier, and shapes the output pulse envelope by digitally controlling the number of activated units at a given time. However, since we need much faster clock speed than the data rate (e.g. 15x in [1] ), its power consumption overhead is not negligible. Second type is the analog pulse shaping method. It is usually much simpler and low power than the digital approach, thus much preferred. We had proposed a simple and powerefficient analog pulse shaping circuit in [2] . It was based on the inverter-type amplifier with its gain is controlled to be a triangular wave.
In some WBAN medical applications such as capsule endoscope or bionic eye realization, high data rate over 10 Mbps is required. But, most of the previous OOK transmitters [1, 3, 4] had provided insufficient data rate less than 10 Mbps. An extremely high data rate OOK transmitter was reported in [5] , but it did not have a pulse shaping circuit, hence the output spectrum efficiency was very poor.
In this work, we describe a implementation result of a 2.4-GHz 22-Mbps CMOS OOK transmitter by employing the analog pulse shaping circuit that was originally proposed by the authors.
Circuit design and results
The OOK transmitter consists of an oscillator, a pulse shaping circuit, and a power amplifier as shown Fig. 1 (a) . The oscillator is a current-reuse type LC oscillator. M 3 and M 5 provide the negative g m for oscillation. M 1 and M 2 are the tail current source to set the current consumption. The operating frequency is set to 2.4 GHz. The inductor L tank is 3 nH. 2-bit capacitor bank is used for frequency tuning. M 4 is switched on and off to generate the output pulse at the VCO output. Thus, the output signal of the VCO becomes the OOK modulated RF signal. However, this signal is a rectangular shape since no pulse shaping is involved yet. The VCO output signal is fed to the subsequent pulse shaping circuit. It consists of two triangle wave generators and inverter-type current-reuse common-source stage. The triangle wave generators are based on the op-amp based integrator circuit. The integration time is controlled by the variable capacitors C 1 , C 2 and the variable resistor R 1 , R 2 to be matched to the data rate that is applied to M 4 . The last stage is a power amplifier to drive 50 ohm load. The operating principle of the pulse shaping circuit can be understood with Fig. 2 . The triangle wave generator converts the incoming rectangular pulse to a triangle wave V TP and V TN . These two signals modulate the gate bias voltage of PFET M 1 and NFET M 2 that are configured as a complementary common-source amplifier. Thus, the total transconductance of M 1 and M 2 and its final output is modulated to the identical triangular shape. Fig. 2 (b) illustrates the signal waveforms of the pulse shaping circuit at several key nodes. As shown Fig. 2 (b) , VTP for PFET is set to vary from VDD to VDD/2 and VTN for NFET is set to vary from VDD/2 to zero. Because the gate-source voltage is proportional to the transconductance of the MOSFET, the composite transconductance Gm follows the bias modulation signal V TP and V TN . When the RF signal V IN goes through the pulse shaping circuit, the output signal V OUT becomes the triangular shape OOK modulated pulse. The OOK transmitter is fabricated in 0.13 µm RF CMOS process. A chip micrograph is shown in Fig. 3 (a) . The die size including pads is 1.18 × 0.72 mm 2 and the active area is 0.89 × 0.41 mm 2 . The total circuit consumes 4.85 mA from a 1.2-V supply voltage, while the circuit excluding the power amplifier only consumes 0.95 mA. Fig. 3 (b) and (c) are the measured output signal. Fig. 3 (b) is when the pulse shaping is deactivated and the data rate is 12 Mbps. Fig. 3 (c) is when the pulse shaping is activated and the data rate is 22 Mbps. The time domain measured waveforms are illustrated together. As can be seen in the spectrum, the sidelobes before the pulse shaping are significantly suppressed after the pulse shaping circuit (Fig. 3 (c) ). For the 22-Mbps shaped pulse output, the sidelobe power at 100 MHz offset is −42 dBc, while it is only −37 dBc for the 12 Mbps non-shaped pulse.
Conclusion
A 2.4-GHz CMOS OOK transmitter with a triangular pulse shaping capability is presented for the wireless body area sensor network applications. It employs a simple and low-power analog pulse shaping circuit. Realized in 0.13 µm CMOS, the OOK transmitter supports a data rate up to 22 Mbps
